Interferon gamma (IFN-g) and interleukin-4 (IL-4) are not only generated during cell-mediated immunity (CMI) and humoral immunity (HI), but are also generated by innate immune cells in response to pathogenic factors. How these cytokines differentially effect the development of dendritic cell (DC)-associated immunoregulatory properties from progenitor cells during innate immunity is unresolved. To address this we have utilized a homogeneous DC progenitor-like cell line, MTHC-D2, as a model to examine cytokine-induced maturation of DCs. By 6 h IFN-g induced genes that are important for antiviral activity and development of CMI, whereas IL-4 induced genes involved in cellular adhesion, uptake of extracellular antigen, suppression of cytotoxic T-cell responses, and that repair the extracellular matrix. By 48 h the cytokine stimulus had induced many properties characteristic of immature DCs; however, these were differentially effected by IFN-g and IL-4. IFN-g induced the greatest levels of costimulatory/ activation marker expression, and the highest levels of T-cell proliferation, whereas IL-4 induced the greatest levels of phagocytic activity. Stimulation of the cells with CD40 Ab enhanced the levels of costimulatory marker expression and T-cell stimulatory capacity of cells exposed to IFN-g, but had little effect on cells exposed to IL-4 in the absence of IFN-g.
Introduction
At the point of contact with a pathogen till the end of an adaptive immune response, cytokines play an important role in directing and regulating immunity. Pathogens themselves can induce innate immune cells to secrete particular cytokines that go on to direct immune response development. Viruses, for example, can induce interferon-gamma (IFN-g) production from NK cells, which in turn stimulate dendritic cells (DCs) to induce IFN-g-producing T-cell responses important for cellmediated immunity (CMI) (reviewed in Banyer et al 1 ), whereas yeast can induce IL-4 production from DCs that supports HI. 2 How these cytokines differentially effect the development of DC-associated immunoregulatory properties from progenitor cells, which reside in or enter infected tissues early during an immune response, 3 is not well understood.
To date the majority of studies in mice, which have investigated cytokine-induced maturation of DCs from progenitor cells, have utilized combinations of GM-CSF, TNF-a, and IL-4 stimulation of bone marrow progenitor cells. GM-CSF is used as it is a growth factor that supports survival and proliferation of DC progenitor cells. TNF-a is used as it is generated during innate immunity, and mediates myeloid cell maturation 4, 5 and the development of adaptive immune responses. IL-4 also supports myeloid cell maturation but is generally associated with HI development. How the use of IFN-g compared with IL-4 differentially affects the maturation of these cells, and whether these cytokines induce different immunoregulatory properties, has not been thoroughly examined. To address this we have utilized a combination of gene profiling and biological analysis to examine the differential effects of these cytokines. Genetic analysis is highly sensitive and dependent on the use of large numbers of homogeneous cells that are difficult to prepare from mouse bone marrow. To overcome this difficulty we have utilized a cloned mybtransformed DC progenitor-like cell line, MTHC-D2, derived from C3HeJ mouse fetal liver cells, 6, 1, 7 as a model of cytokine-induced DC maturation. MTHC-D2 has myeloid DC progenitor cell properties and is GM-CSF dependent. This line expresses F4/80, Mac-1, Fcg RII, Gr-1, and Pgp-1 markers, does not express T and B lymphocyte antigens, is esterase negative, and functionally is weakly pinocytotic and nonphagocytic. 6 MTHC-D2 cells have been previously shown to differentiate into cells with DC-like properties, including the expression of DC-associated markers, in response to effector cytokine stimulation. 6, 1 This cell line also shares many characteristics that have been described for other DC progenitorlike cell lines, such as FSDC, Selected cDNA subtracted clones from cytokine-stimulated MTHC-D2 cells having >95% over >100 bp homology with know genes associated with cytokine stimulation, dendritic and macrophage maturation/function, and the immune system are shown. cDNAs are grouped according to which subtracted libraries they were isolated from. Subtracted library 1. IFN-g+TNF-a subtracted from IL-4+TNF-a stimulated MTHC-D2 cells; 2: IL-4+TNF-a subtracted from IFN-g+TNF-a stimulated MTHC-D2 cells; 3: Unstimulated MTHC-D2 cells subtracted from IFN-g+TNF-a stimulated cells; 4: Unstimulated MTHC-D2 cells subtracted from IL-4+TNF-a stimulated cells. The frequency of each clone in the respective libraries is given. Selected cDNA clones were further analysed by northern blot screening to establish the comparative expression levels in each cytokine-stimulated MTHC-D2 cell type. For northern analysis the MTHC-D2 cells were stimulated with cytokines for 6 h followed by mRNA extraction and Northern blotting. cDNA clones were radioactively labeled and hybridised to the northerns. Phosphorlmager using ImageQuant software was used to quantitate the differential expression. Band intensity values for each northern were normalized to GAPDH and scaled such that the highest band value on all northerns was 10.
to initiate antigen-specific immune responses, as reviewed in Takashima 10 (US Patent #5648219). In this study, we first utilized genetic analysis to target immunoregulatory molecules that were effected rapidly (within 6 h) by the cytokine stimulus at a stage when the cells still had a progenitor phenotype. Then, to examine downstream effects of the cytokines on gene expression, biological analysis was employed at 48 h once differences in the cell morphology, cell surface phenotype, phagocytic and T-cell stimulatory capacity became evident.
Results
Differential effects of IFN-c and IL-4 on gene expression prior to morphological and protein changes To examine the gene expression profiles that were induced following 6 h of cytokine stimulus, we prepared four cDNA subtraction libraries, including 1 IFN-g+TNF-a+GM-CSF subtracted from IL-4+TNF-a+GM-CSF stimulated MTHC-D2 cells; 2 IL-4+TNF-a+GM-CSF subtracted from IFN-g+TNF-a+GM-CSF stimulated MTHC-D2 cells; 3 unstimulated GM-CSF subtracted from IFN-g+TNF-a+GM-CSF stimulated MTHC-D2 cells; 4 unstimulated GM-CSF subtracted from IL-4+TNF-a+GM-CSF stimulated MTHCD2 cells. Differentially expressed cDNA clones from these libraries were sequenced and screened against the NCBI nucleotide database using a BLASTn program. Those sequences sharing homology of greater than 95% over more than 100 bp with known gene sequences were sorted into gene categories. Selected cDNAs having homology to genes with an immune function, or association with DCs and macrophages, as well as the frequency of these clones in each library, are listed in Table 1 . To confirm that subtraction was successful at identifying differentially expressed genes, selected clones were screened by Northern analysis of mRNA from the cytokine-stimulated MTHC-D2 cells (Table 1 ). This comprehensive study enabled a genetic profile to be developed that identified unique and early changes in the cells induced by IFN-g vs IL-4 stimulation (libraries 1 and 2). In the generation of these libraries the subtraction process removed genes commonly induced by GM-CSF and TNF-a. In libraries 3 and 4, however, only genes commonly induced by GM-CSF were removed during subtraction enabling genes induced by either IFNg+TNF-a or IL-4+TNF-a to be identified. Overall, this analysis found the cytokine stimulus had rapidly effected the expression of genes involved in many levels of cellular organization and function, including signaling, transcription, cytoskeletal genes, cell surface receptors, secreted molecules, as well as genes associated with cell migration and immune responses.
The profile of cDNAs from IFN-g and IFN-g +TNF-a specific libraries, 2 and 3 respectively, were homologous to genes with functions that support antiviral activities, including mouse fibrinogen-like protein, 11 Mx1, 12,13 and IFN-inducible Sp100.
14 Also, genes known to be associated with the development of CMI were upregulated, including a range of chemoattractants (MIG, Crg-2, I-TAC, and RANTES) that attract activated and memory Th1 cells, 15, 16 Cathepsin C that is required for activation of granzymes and plays a role in the expansion of CD8 T cell cytolytic activity, 17, 18 and IFN-g inducible protein
Mag-1 that accompanies Th1 cytokine expression in Toxoplasma gondi infected mice. 19 In addition, 13 types of GTP and 12 types of GBP-binding proteins were specifically induced in response to IFN-g.
cDNAs from the IL-4 and IL-4+TNF-a specific libraries, 1 and 4 respectively, were homologous to genes with functions associated with receptor-mediated endocytosis of antigen, such as the macrophage mannose receptor (MMR), Mg1 receptor, and FcgR. Also, an assortment of genes associated with cytoskeletal restructuring and lysosomal processing of antigen, such as gelsolin, cytoplasmic gamma actin, and cathepsin B, L, G, were identified. In addition, cDNAs homologous to the cytokine TGF-b that suppresses cytotoxic T-cells, 20, 21 and secreted proteins such as MEP that repairs the extracellular matrix, were identified. Some cDNAs were induced by both IFN-g+TNF-a and IL-4+TNF-a stimulation when compared with the unstimulated GM-CSF cultured cells (libraries 3 and 4), suggesting that some immunoregulatory molecules may have a role in both cytokine microenvironments. These included genes associated with cellular adhesion (ICAM-1 and ryudocan core protein), antigen processing and presentation (TAP, B 2 M and MHC I), as well as T-cell costimulation (CD40). It is likely that the level or kinetics of activity of these molecules, however, may be different in each cytokine microenvironment as Northern analysis found that the cytokines induced different levels of expression of these genes.
IFN-c and IL-4 differentially effect the morphology of the MTHC-D2 cells
Following 48 h of cytokine stimulation, it was clear the MTHC-D2 cells had began maturation as morphological changes became apparent. The GM-CSF cultured MTHC-D2 cells were most like progenitor DCs, 3 being round and having a large irregular nucleus as detected by transmission electron microscopy (TEM) analysis ( Figure  1a ). IFN-g+TNF-a stimulation induced a morphology similar to maturing DCs, 3 being irregular shaped with longer dendrites when assessed by light microscopy (data not shown), and exosome release, a property of ex vivo DCs, 22 was visible at the cell surface ( Figure 1b ). IL-4+TNF-a stimulation had relatively minor affects causing a slight increase in cell size and development of large intracellular vacuoles ( Figure 1c ). IFN-g+IL-4+TNF-a induced dramatic changes to both the internal and external morphology of the cells. These cells became much larger than the other cytokine-stimulated cells, were round, developed longer dendrites, adhered to the surface of the culture flask, and contained a substantially greater number of intracellular vacuoles (Figure 1d ). Interestingly, these vacuoles often contained phagocytosed material. Surprisingly, this morphology could also be induced within 6 h by the sequential addition of IL-4 to IFN-g+TNF-a stimulated cells or IFN-g to IL-4+TNF-a stimulated cells, suggesting the cells were capable of rapid transdifferentiation.
These morphological changes were also evident by flow-cytometry analysis as demonstrated by differences in the cells autofluorescence and forward and side scatter ( Figure 2) . A cell's autofluorescence is indicative of the mitochondrial, cytoplasmic vesicle, nicotinamide adenine dinucleotide (NADH), and flavin content of the cell. 23, 24 In this study, cytokine stimulation enhanced
Cytokine-induced immunoregulatory properties JL Banyer et al the level of autofluorescence from the cells compared with the GM-CSF progenitor cells. This is likely to reflect the increased vacuole and exosome content of the cells as detected by TEM analysis. CD40 Ab stimulation, which is often used to induce maturation of immature DCs, also enhanced the level of autofluorescence from cells exposed to IFN-g, but had little effect on the GM-CSF cultured cells, and reduced the autofluorescence from the IL-4+TNF-a stimulated cells.
IFN-c and IL-4 differentially effect the expression of cell surface markers associated with DC maturation and subtyping To establish whether changes in the expression of cell surface markers accompanied the morphological differentiation of the MTHC-D2 cells, FACS analysis was performed ( Figure 3 ). Costimulatory and activation molecules that are commonly used to characterize different stages of DC maturation 3 were examined. Similar to the progenitor DC cell line, XS52, 25 and ex vivo progenitor DCs, little expression of costimulatory molecules CD40, CD80, and CD86 were detected on the GM-CSF cultured MTHC-D2 cells (Figure 3a) . Also similar to XS52 and progenitor DCs, cytokine stimulation of the MTHC-D2 cells enhanced the expression of these molecules, which is a feature associated with development of an immature DC phenotype. The levels of expression of these molecules, however, were differentially regulated by the cytokines, where IFN-g induced greater levels of expression than IL-4. A similar differential effect of IFN-g and IL-4 on the expression of CD80 and CD86 has also been reported for the progenitor DC-like cell line, FSDC. 26 Usually, ex vivo maturing DCs express greater levels of CD86 than that found on the MTHC-D2 cells. It is likely that another factor not included in this study is required, as high levels of CD86 have been induced on IL-4-stimulated XS52 cells in response to IL-1b. 25 CD40 Ab stimulation, which is often used to induce maturation of immature DCs, further enhanced expression of the costimulatory molecules on the IFN-g-exposed MTHC-D2 cells, but had no effect on the IL-4 cells in the absence of IFN-g. Cytokine stimulus of the MTHC-D2 cells also appeared to activate the cells as indicated by increased expression of CD69, and similar to the differential effects of IFN-g and IL-4 on the expression of costimulatory molecules, cytokine combinations-containing IFN-g induced the greatest levels of CD69 expression, and this was enhanced further by CD40 Ab.
To establish whether the cytokine combinations used in this study have a similar differential effect on the expression of costimulatory molecules by ex vivo DC Cytokine-induced immunoregulatory properties JL Banyer et al progenitors, bone marrow progenitor cells were isolated following standard procedures 27 and purified using negative magnetic bead selection. Freshly isolated cells were stimulated with the different cytokine combinations for 48 h followed by cell staining and FACS analysis (Figure 3b) . Similar to the GM-CSF cultured MTHC-D2 Cytokine-induced immunoregulatory properties JL Banyer et al cells, the GM-CSF cultured bone marrow progenitor cells expressed very low levels of CD40, CD80, and CD86. Also similar to the MTHC-D2 cells, stimulation of the bone marrow progenitor cells with combinations of IFNg, IL-4, and TNF-a for 48 h enhanced the levels of expression of these molecules, although the effect of IFNg+TNF-a was more homogeneous than that of IL-4. A distinct population of cells expressing increased levels of CD40, CD80, and CD86 had emerged in the IFN-g+TNF-a stimulated cultures. Whereas, in the IL-4 stimulated cultures a distinct population of cells expressing increased levels of CD40 and CD80 could not be detected, and the levels of expression were quite disperse. The expression of CD86 in these cultures was also quite disperse, however, like maturing ex vivo DCs, a distinct population of cells expressing very high levels of CD86 had emerged. Interestingly, IFN-g in the absence of IL-4 was unable to have this effect. It is unlikely that IL-4 directly induces the high levels of CD86 because as previously mentioned, studies on XS52 cells found an additional inflammatory stimuli, IL-1b, was required. 25 It is more likely that IFN-g and IL-4 differentially regulate the production of a CD86-inducing factor, such as IL-1b, that can be produced from ex vivo cell cultures but not cell lines. The homogeneous effect of IFN-g vs the heterogeneous effect of IL-4 on the expression of these costimulatory molecules may be because of the different abilities of these cytokines to induce maturation, where previous studies found that IL-4 supports both proliferation and maturation of myeloid cells, whereas IFN-g generally halts proliferation and induces maturation of these cells. 6 In support of this we found by 7 days of cytokine stimulation that 89% of IFN-g+TNF-a+GM-CSF and 72% of IFN-g+IL-4+TNF-a+GM-CSF cultured bone marrow cells had undergone maturation as determined by increased levels of costimulatory molecule expression. Whereas, 53% of IL-4+TNF-a+GM-CSF and 30% of GM-CSF cultured cells had elevated levels of expression of these molecules.
To establish whether the IFN-g and IL-4 cytokine combinations could also effect the level of expression of molecules associated with particular DC subtypes and macrophages, we examined the expression of CD8a, CD11c, CD11b, DEC-205, and CD44 on the MTHC-D2 cells (Figure 3c ). Although relatively small changes in the expression of these molecules were detected, the most interesting was the effect of IL-4 cytokine combinations at enhancing CD8a expression. In addition, although MTHC-D2 is a cloned cell line, the level of CD11c expression did not appear as uniform on the cells exposed to IL-4 cytokine combinations compared to those exposed to IFN-g in the absence of IL-4. This was particularly evident on the IFN-g+IL-4+TNF-a cells, stimulated with CD40 Ab, where two levels of expression were detected. As CD11c is a marker associated with maturation of particular DC subtypes, 28 the two levels of expression may represent different stages of maturation of these cells. Cytokine stimulation had a relatively Cytokine-induced immunoregulatory properties JL Banyer et al minor differential effect on the expression of CD11b, where IFN-g induced slightly higher levels than IL-4. The expression of DEC-205 and CD44 appeared relatively unchanged where only small increases in expression were detected following cytokine stimulation, and other markers including CD4, a DC subtyping marker, CD8b a marker of a specific DC subset in rats, B-cell marker CD45R, and the T-cell marker CD90.2, showed very low levels of expression on all MTHC-D2 cells (data not shown). These data suggest that changes to a cytokine microenvironment may influence the level of expression of some DC subtyping molecules.
IFN-c and IL-4 differentially effect the level of phagocytic activity
Apart from changes to the morphology and cell surface marker expression, 48 h of cytokine stimulation also altered the level of phagocytosis in the MTHC-D2 cells. Differences in phagocytic potential are also associated with different stages of DC maturation, where progenitor cells have a low level of phagocytic activity that increases when the cells reach an immature state enabling them to sample extracellular antigen. 3 As these cells reach a mature state the level of phagocytic activity then usually declines, and the antigen is moved to the cell surface for presentation to T-cells. There are, however, some reports of cross presenting DCs that are highly phagocytic even in a mature state. 29 In this study, we examined the uptake of sheep red blood cells (SRBCs) by the MTHC-D2 cells that was measured by the percentage of cells phagocytosing SRBCs (Figure 4a ) and the number of SRBCs within each cell (Figure 4b ). Substantial differences in phagocytic activity were found in association with the cytokine-induced maturation state of these cells. Similar to ex vivo progenitor DCs the GM-CSF cultured cells had a low level of phagocytic activity, and similar to immature DCs, stimulation of MTHC-D2 with combinations of IFN-g, IL-4, and TNF-a enhanced the levels of phagocytic activity. Particular combinations of these cytokines, however, had a significant effect on the level of phagocytic activity displayed by these cells. IFN-g+IL-4+TNF-a induced the greatest levels of phagocytosis, followed by IL-4+TNF-a, then IFN-g+TNF-a. Similar to mature DCs, CD40 Ab stimulation of the IFN-g+TNF-a cells significantly downregulated the level of phagocytosis, and despite the inability of CD40 Ab to further mature the IL-4+TNF-a stimulated cells at 48 h, this treatment did reduce the phagocytic activity of these cells. Interestingly, the maturing effect of CD40 Ab on the IFN-g+IL-4+TNF-a cells did not reduce their level of phagocytic activity, suggesting that these cells, like the cross-presenting DCs, retain a heightened level of phagocytic activity in a mature state. The differential effects of cytokines on the phagocytic activity of the MTHC-D2 cells was also found using a fluorescent bead assay (data not shown).
IL-4 and IFN-c differentially effect the ability of MTHC-D2 cells to stimulate mixed lymphocyte reactions (MLR)
One of the most important features of a DC that supports the development of adaptive immunity is the ability to stimulate T cell proliferation. 3 Generally, progenitor DC are poor stimulators of T cells, and immature DCs are unable to stimulate as high levels of T-cell proliferation as mature cells. 3 To assess whether IFN-g and IL-4 differentially regulate the T cell stimulatory capacity of the MTHC-D2 cell line at different stages of maturation, we performed MLRs using GM-CSF cultured progenitor, cytokine-stimulated, and CD40 Ab-stimulated MTHC-D2 cells. MLRs were performed using a CFSE cell Cytokine-induced immunoregulatory properties JL Banyer et al proliferation FACS assay 30 that enables the proliferation of CD4 and CD8 T cells to be monitored simultaneously.
Initially MLRs were performed using the GM-CSF cultured progenitor and cytokine-stimulated MTHC-D2 cells, and proliferating T cells were monitored with the CD90 antibody that detects both CD4 and CD8 T cells ( Figure 5, MLR 1) . Similar to the progenitor DC-like cell line FSDC, 8 and progenitor ex vivo DCs, the GM-CSF cultured MTHC-D2 cells were poor stimulators of T cell proliferation. Also, similar to the FSDCs and immature ex vivo DCs, stimulation with cytokines enhanced the T cell stimulatory capacity of the MTHC-D2 cells. Combinations of cytokines containing IFN-g enabled the MTHC-D2 cells to induce greater levels of T-cell proliferation compared with IL-4, which has also been found with the FSDC cell line.
8 CD40 Ab stimulation of the MTHC-D2 cells exposed to IFN-g cytokine combinations further enhanced their T-cell stimulatory capacity by enabling them to stimulate T-cell proliferation faster (1 day earlier) ( Figure 5 , MLR 2, MLR 3). CD40 Ab stimulation of the IL-4+TNF-a cells, however, did not enhance the T-cell stimulatory capacity of these cells that probably reflects the inability of CD40 Ab to induce maturation of these cells.
Combining IFN-c and IL-4 stimulation altered the level of expression of genes induced by these cytokines independently, as well as IL-12 gene subunits and IL-10 Examination of the MTHC-D2 cells morphology, cell surface marker phenotype, phagocytic activity, and T cell stimulatory capacity suggested that combining IFN-g with IL-4 stimulation induces a unique phenotype that is different to that induced by these cytokines independently. To investigate this further we utilized semiquantitative RT-PCR analysis to examine the combined effect of these cytokines on the expression of some genes that Figure 5 The ability of cytokine-stimulated MTHC-D2 cells to induce T-cell proliferation. Mixed lymphocyte reactions measured by FACS staining of proliferating T cells were performed using CD90 to detect all proliferating T cells in MLR 1, CD8a to detect CD8 T-cell proliferation in MLR 2, and CD4 to detect CD4 T-cell proliferation in MLR 3. Cytokine induced immature MTHC-D2 cells were used in MLR 1, and CD40 Ab stimulated MTHC-D2 cells were used in MLRs 2 and 3. A refers to MLRs using unstimulated MTHC-D2, B refers to IFN-g+TNF-a stimulated MTHC-D2, C refers to IL-4+TNF-a stimulated MTHC-D2 cells, and D refers to IFN-g+IL-4+TNF-a stimulated MTHC-D2 cells, the negative control refers to MLR reactions containing only T cells. Sample values were averaged between two independent experiments. Standard deviations are shown as error bars, and significance testing was carried out on the matched samples using the one-tailed Student's t-test. In ex vivo DCs the IL-12 p70 gene subunits are differentially regulated by combinations of IFN-g and IL-4. IFN-g induces expression of the p40 homodimer that antagonizes p70-induced CMI, IL-4 downregulates p40, 31, 32 and combining these cytokines induces moderate expression of the p40 monomer that supports bioactive IL-12 p70 production. [33] [34] [35] [36] The expression of p40 was found to be similarly regulated by these cytokines in the MTHC-D2 cells (Figure 6 ). CD40 Ab stimulation enhanced p40 gene expression, especially in the GM-CSF cultured progenitor MTHC-D2 cells and those stimulated with IL-4+IFN-g+TNF-a. In the later cells, CD40 Ab stimulation appeared to compensate for the inhibiting effect of IL-4. These studies suggest that IL-12 production in an IFN-g+IL-4 cytokine microenvironment may benefit from CD40 costimulation. Unlike p40, p35 expression was detected in all MTHC-D2 cells, and the level of expression was not as effected by the different combinations of cytokine and CD40 Ab stimulation, which is similar to studies of p35 in ex vivo DCs. 37 IL-10 expression in the MTHC-D2 cells was also examined as it is a known downregulator of bioactive IL-12 p70 production, 38, 39 and important for the development of HI. 40 This analysis found the greatest levels of IL-10 expression in association with IFN-g+TNF-a stimulation, a feature that may contribute to the inability of IFN-g to induce high levels of IL-12 p70 production. Lower levels of IL-10 expression, however, were associated with IFN-g+IL-4+TNF-a and CD40 Ab stimulation, which likewise may contribute to the ability of these stimulants to induce higher levels of IL-12 p70 production. Interestingly, a similar level of IL-10 expression was associated with the GM-CSF cultured cells that had been stimulated with CD40 Ab. This suggests DCs, in the absence of IFN-g and IL-4 but exposed to CD40 costimulation, may also support IL-12 p70 production.
Discussion
This study has established that IFN-g and IL-4 differentially effect both the level of maturation induced, and the type of immunoregulatory properties displayed by the DC-like progenitor cell line, MTHC-D2. Combinations of cytokines containing IFN-g were more effective at inducing properties associated with an immature DC phenotype by 48 h of stimulation, and subsequently these cells were more sensitive to CD40 Ab, which induced properties associated with mature DCs. In the absence of IFN-g, IL-4 stimulation for 48 h also induced properties associated with immature DCs; however, these cells were unresponsive to the CD40 Ab maturation stimulus. This suggests that microenvironments with IFN-g are likely to support rapid differentiation of progenitor cells into immature DCs, whereas the level of maturation induced by the same time of exposure to IL-4 alone is likely to be lower. In vivo, however, the maturation stimulus for IL-4 exposed immature DCs may be provided from another source, such as pathogenic factors or other cytokines such as IL-1b.
It is clear from these studies that the choice of cytokine maturation stimulus in generating DCs from progenitor cells may have a significant effect on the profile of immunoregulatory properties developed by these cells. This may have important implications for the effectiveness of these cells as vaccine and immunotherapeutic agents. For example, as IFN-g induced expression of genes important for antiviral activity and the development of CMI, it is likely that DCs generated with this cytokine may be useful in stimulating immune responses against viruses. However, IL-4, which induced genes, such as TGF-b, associated with suppressing cytotoxic T-cell responses, that repair the extracellular matrix and that facilitate the uptake of extracellular antigen, may enable such DCs to be used for suppressing CMI inflammatory responses and induce HI. The circumstances in which DCs generated with IFN-g plus IL-4 may be useful as vaccine or immunotherapeutic agents are less clear. Combining these cytokines and CD40 Ab stimulation appeared to induce development of Cytokine-induced immunoregulatory properties JL Banyer et al properties characteristic of more mature DCs by the expression of costimulatory molecules and T-cell stimulatory capacity, although these cells retained a heightened level of phagocytic activity more common to immature DCs or cross-presenting DCs. Closer genetic profiling analysis may help to characterize the nature and function of such cells.
In the future, it will be necessary to establish whether various combinations of IL-4 and IFN-g induce similar genetic profiles and biological features in the more commonly used bone marrow-derived DCs. By utilising modern sensitive technologies, such as real-time PCR, should now make it possible to examine the expression of immunoregulatory genes identified by cDNA subtraction in ex vivo DC populations.
Materials and methods
Cytokine and CD40 Ab stimulation of the MTHC-D2 cell line MTHC-D2 cells were cloned previously from the MTHC myb-transformed progenitor cell line derived from C3H.HeJ murine fetal liver cells. 41, 7 The cells were maintained in Iscove's modified eagle medium (IMEM; GIBCO BRL) supplemented with 10% FCS, 2 mM glutamine (Sigma), 60 U/ml of gentamicin (SIGMA), and 50 U/ml GM-CSF. MTHC-D2 cells were exposed for 6 h (cDNA subtraction analysis) or 48 h (all other analyzes) to TNF-a (500 U/ml) and GM-CSF (5 U/ml), and either IFN-g (2 U/ml) or IL-4 (50 U/ml), or both IFN-g plus IL-4. The concentrations of baculovirus produced cytokines to use had been predetermined. 6 The concentration of GM-CSF was determined by titration and measuring the ability of the cytokine to maintain survival and induce proliferation of the MTHC-D2 cells using a 3 H-thymidine incorporation proliferation assay. Similarly, concentrations of TNF-a, IFN-g, and IL-4 were determined by titration and the use of a 3 H-thymidine incorporation proliferation assays; however, the ability of these cytokines to halt proliferation in the presence of GM-CSF was used to determine the appropriate concentration of cytokine for further experiments. CD40 Ab purified from FGK45.5 42 was used at 25 mg/ml.
Preparation of bone marrow progenitor cells
Bone marrow cells were harvested from the femur and tibia of 8-week-old female C57BL/6 mice as previously described. 27 Red cells were lysed by ammonium chloride incubation, and the remaining cell suspension was depleted of T-cells, B cells, granulocytes, and MHC II positive cells by using a cocktail of CD4, CD8, CD90, B220, MHC II, and Ly-6G (Gr-1) (Pharmingen) and two rounds of positive magnetic bead selection. The remaining progenitor cells (90-95% pure) were cultured for 7 days in RPMI-1640 (GIBCO BRL) supplemented with 1 mM penicillin/streptomycin, 2 mM glutamine, and 10% FCS, plus the same concentrations and combinations of cytokines as those used to stimulate the MTHC-D2 cell line.
cDNA subtraction libraries Four cDNA subtracted libraries were prepared comparing MTHC-D2 cells cultured in GM-CSF with MTHC-D2 cells stimulated for 6 h by the addition of either IFN-g or IL-4 in the presence of TNF-a and GM-CSF. mRNA (2 mg) was extracted from the different cell preparations (QuickPrep Micro mRNA purification system, Pharmacia Biotech) and used for cDNA subtraction (PCR-Select cDNA subtraction kit; Clontech, USA). Plasmid libraries were prepared from subtracted cDNAs using the UDG pAMP10 cloning system (GIBCO BRL). In total, 1000-2000 plasmid clones from each subtracted library were screened for differentially expressed cDNAs (PCR-Select Differential Screening Kit, Clontech, USA). The differentially expressed cDNA clones were sequenced using Big Dye Terminator automated sequencing (ABI sequencer, Biomolecular Resource Facility, JCSMR). Nucleotide sequences were screened against nucleotide databases at NCBI using the BLASTn program. Selected cDNA sequences with homology to known genes were sorted into gene categories.
Northern analysis of selected differentially expressed cDNAs Isolated mRNA (2 mg) from cytokine-stimulated and unstimulated MTHC-D2 cell samples were separated by formaldehyde agarose gel electrophoresis, transferred onto nylon membranes (BrightStar-Plus, Ambion) and probed with 32 P-labeled cDNA from selected plasmid clones (Strip-EZ DNA system, Ambion). Positively hybridized bands on northerns were quantified on a Phosphor Imager using ImageQuant software. Band intensity values for each northern were normalized to murine GAPDH and scaled such that the highest band value on all northerns was 10.
Transmission electron microscopy (TEM) Cytokine-stimulated and unstimulated MTHC-D2 cells (5 Â 10 6 to 10 7 ) were washed once with PBS then fixed with 2% glutaraldehyde (LADD Research Industries, Inc, Vermont, USA) in 0.1 M sodium cacodylate (BDH) buffer pH 7.4 for 2 h, followed by two 30 min washes in fresh PBS. Secondary fixation was carried out using 1% osmium tetroxide (BDH) in 0.1 M sodium cacodylate buffer pH 7.4 for 1.5 h followed by two 30 min PBS washes. Samples were washed a further three times in distilled water, stained en bloc in 2% uranyl acetate (BDH) for 2 h and rinsed another three times in distilled water. Samples were dehydrated in graded alcohol series, embedded in Spurs' Resin (Agar Scientific, Essex, UK) and sectioned to 80 nm using a Reichhert Ultracut E (Austria). Sections were then stained with Reynold's lead citrate (BDH) for 15 min and examined using a Phillips EM 301 (The Netherlands) electron microscope at 60 kV (JCSMR EM facility).
FACS analysis of MTHC-D2 and bone marrow progenitor cells
Commercially available antibodies were used to stain cytokine-stimulated and unstimulated cells (1-5 Â 10 5 ) according to the manufacturer's instructions and analyzed using a Becton-Dickinson bench-top Flow Cytometer (FACScan) using the standard filter configuration (JCSMR FACS sorting facility). Cell samples were prepared in either duplicate or triplicate and experiments were repeated. Data were analyzed using BectonDickinson Cell Quest TM software and histogram plots representative of those obtained is presented. Commercial antibodies used included CD11c (Pharmingen), 
Phagocytosis
Cytokine-stimulated and unstimulated MTHC-D2 cells were cocultured with haemolysin sensitized SRBCs for 1 h at 371C and then stained with May-Grunwald and Giemsa dyes and visualized by light microscopy. The percentage of MTHC-D2 cells undergoing phagocytosis was determined by light microscopy analysis of 50 randomly selected cells. Also, the number of ingested SRBCs per cell was determined by analyzing 20 cells from each sample that had phagocytosed SRBCs. Standard deviations of duplicate samples are shown as error bars, and the statistical significant differences between samples were determined using the one-tailed Student's t-test. This experiment was repeated twice with similar results.
Mixed lymphocyte reactions (MLRs)
MLRs were performed using a cell proliferation assay that enables proliferation of particular cell types to be monitored simultaneously by FACS analysis of CFSE-dye labeled cells. 30 Briefly, the cell division of cytokine plus CD40Ab stimulated and unstimulated MTHC-D2 cell samples (5 Â 10 7 cells/ml) was blocked with 50 mg/ml Mitomycin C (Sigma) for 20 min, 371C in the dark and washed four times with media. Splenocytes were prepared from 6-week-old female BALB/c mice by passing spleens through a sieve and lysing the red blood cells using 5 ml Tris NH 4 Cl/spleen as well as wool column purification to remove adherent monocyte cells. Splenocytes were then loaded with CFSE dye (10 mM CFSE in 4 ml media) (Molecular Probes) for 8 min at room temperature then washed three times with fresh media. The ratio of stimulator MTHC-D2 cells to splenocytes in MLRs was 1:40. Cells were cocultured for 7 days at 371C. T-cell proliferation was monitored by FACS analysis periodically over the culture period as determined by the sequential loss of CFSE in proliferating CD90 (Cy-chrome-conjugated, CALTAG), CD8a (Cy-Chrome-conjugated, Pharmingen) or CD4 (PE-conjugated, Pharmingen) positively stained cells. In total, 5470 fluorospheres (Coulter Corporation) were added to each sample to enable accurate counting of proliferating cells and cross comparison between MLR samples. Data were analyzed using Becton-Dickinson Cell Quest TM software. Sample values between two independent experiments were averaged and presented as the number of proliferating T cells on a given day of the MLR. Standard deviations of the sample values were calculated and shown as error bars, and the significant difference between matched samples was determined using the one-tailed Student's t-test.
Semiquantitative RT-PCR analysis of IL-12 p40, p35, IL-10, and IFN-c/IL-4 induced genes Isolated mRNA (2 mg) (QuickPrep Micro mRNA purification system, Pharmacia/Biotech) from cytokine plus CD40Ab-stimulated and unstimulated MTHC-D2 cell samples was used to prepare first strand cDNA (ReadyTo-Go cDNA synthesis kit, Amersham, Pharmacia, Biotech, Inc.). Expression of MMR, crg-2, IL-10, I-TAC, MHC class II, IL-12 p35, and p40 were standardized against GAPDH expression using hot-start semiquantitative RT-PCR analysis. PCR parameters were optimized to insure the PCR products obtained did not proceed past the linear phase of the reaction that would exceed the analysis limits. Experimental findings were repeated three times. Primer pairs and resulting fragments sizes were as follows: MMR AGACGAAATCCCTGCTACTG/ CTGGACTCAGCAGCAGTCTC 195 bp, crg-2 ATGAA CCCAAGTGCTGCCGTC/CTTGAGTGAGGACTC AGA CC 538 bp, IL-10 TAGAGCTGCGGACTGCCT TCA/ TCATGGCCTTGTAGACACCTTG 350 bp, I-TAC GAA CAGGAAGGTCACAGCCATAGC/ATGAGGCGAGCCT GCTTGGATCTG, MHC class II AGTCTTCCCAGCCTT CACCTCAGAGGTAC/CATAGCCCCAAAT GTCTGAC CTCTGGAGAG 250 bp, IL-12 p35 GGCTACTAGAGA GACTTCTTCC/GTGAAGCAGGATGCAGAG CTTC 309 bp, IL-12 p40 CGTGCTCATGGCTG GTGCAAA G/CTTCATCTGCAAGTTCTTGGGC 313 bp and GAPDH TCCACCACCCTGTTGCTGTA and ACCACAGTC-CATGCCATCAC 432 bp. Advantage-2 polymerase (0.5 u) (Clontech, USA) was added at 941C (hot start). I-TAC and GAPDH were amplified for 30 cycles whereas IL-10, IL-12 p35, and IL-12 p40 were amplified for 34 cycles using the thermal program: 941C 20s, 641C 20s, 721C 30s. MHC class II was amplified for 32 cycles using 941C 20s, 601C 20s, 721C 20s. MMR and crg-2 were amplified for 33 cycles of 941C 20s, 621C 20s, 721C 20s.
